Stem cell lines that faithfully maintain the regional identity and developmental potency of progenitors in the human brain would create new opportunities in developmental neurobiology and provide a resource for generating specialized human neurons. However, to date, neural progenitor cultures derived from the human brain have either been short-lived or exhibit restricted, predominantly glial, differentiation capacity. Pluripotent stem cells are an alternative source, but to ascertain definitively the identity and fidelity of cell types generated solely in vitro is problematic. Here, we show that hindbrain neuroepithelial stem (hbNES) cells can be derived and massively expanded from early human embryos (week 5-7, Carnegie stage 15-17). These cell lines are propagated in adherent culture in the presence of EGF and FGF2 and retain progenitor characteristics, including SOX1 expression, formation of rosette-like structures, and high neurogenic capacity. They generate GABAergic, glutamatergic and, at lower frequency, serotonergic neurons. Importantly, hbNES cells stably maintain hindbrain specification and generate upper rhombic lip derivatives on exposure to bone morphogenetic protein (BMP). When grafted into neonatal rat brain, they show potential for integration into cerebellar development and produce cerebellar granule-like cells, albeit at low frequency. hbNES cells offer a new system to study human cerebellar specification and development and to model diseases of the hindbrain. They also provide a benchmark for the production of similar long-term neuroepithelial-like stem cells (lt-NES) from pluripotent cell lines. To our knowledge, hbNES cells are the first demonstration of highly expandable neuroepithelial stem cells derived from the human embryo without genetic immortalization.
Introduction
Following pioneering studies in rodents (reviewed by McKay, 1997) , various strategies have been applied to propagate neural progenitors from the human brain. Early studies relied on genetic immortalization with oncogenes, such as v-myc (Sah et al., 1997) . However, oncogenes subvert normal regulation of growth and differentiation. Culture of micro-dissected human fetal tissue as free-floating aggregates called neurospheres allows proliferation of neural progenitors in response to mitogens without genetic manipulation (Svendsen et al., 1998; Carpenter et al., 1999; Vescovi et al., 1999) . However, these cultures are heterogeneous, and passaging may be accompanied by progressive loss of stem cells and neurogenic capacity (Suslov et al., 2002; Reynolds and Rietze, 2005) .
Monolayer cultures of human neural progenitors from fetal (Yan et al., 2007) and adult brain (Walton et al., 2006) have been reported, but long-term stability, regional identity, or developmental potential was not described. We previously found that neural stem (NS) cells from human fetal forebrain or spinal cord expanded in adherent culture exhibit molecular markers suggestive of radial glia or outer subventricular zone progenitors. These cell lines remain neurogenic but appear restricted to generation of a subset of GABAergic neurons.
Human embryonic stem (ES) cells or induced pluripotent stem (iPS) cells are an ex vivo source of neural progenitors. During human pluripotent stem cell differentiation, neural progenitors exhibit spontaneous self-organization into transient structures termed "neural rosettes." Rosette stage cells are re-sponsive to patterning signals (Elkabetz et al., 2008; Chambers et al., 2009) . If isolated, they can give rise to stable cell lines in the presence of growth factors (Koch et al., 2009 ). These rosette-like stem cells exhibit morphological and gene expression markers of neuroepithelial progenitors and are molecularly distinct from radial glia-like NS cells (Falk et al., 2012) . They have been named long-term neuroepithelial-like stem (lt-NES) cells. However, the true identity and physiological relevance of cells derived in vitro from pluripotent sources are open to question because cells could acquire transcriptional and epigenetic programs in vitro that diverge from cell states in vivo (Conti and Cattaneo, 2010) . Although expanded lt-NES cells display a positional marker profile indicative of anterior hindbrain (Falk et al., 2012) , how faithfully they recapitulate the specification of neuroepithelial cells in the embryonic brain is uncertain because their antecedents, pluripotent stem cell-derived neural rosettes and early passage derivatives, express anterior forebrain markers (Koch et al., 2009) .
Here, we investigate the capacity of neuroepithelial cells from the human embryonic hindbrain at different developmental stages for long-term maintenance in adherent culture. We define the stage-specific origin and regional identity of stable stem cell lines and investigate their potency for cerebellar lineage differentiation in vitro and in vivo.
Materials and Methods
Ethics statement. All studies with human tissue were performed under ethical approval from the Cambridgeshire Research Ethics Committee (Reference 96/085) using tissue donated with informed consent after elective termination of pregnancy. The storage and use of human tissue were approved by the Human Tissue Authority, United Kingdom (License 12196).
Hindbrain NES cell derivation. Aborted human embryos (n ϭ 18) of either sex were staged using the Carnegie staging system (O'Rahilly and Muller, 1987) . Human hindbrain at embryonic day 35-60 (Carnegie stages 15-23) was dissected in DMEM/F12 media (Invitrogen) with 2 mM L-glutamine (Invitrogen) and modified N2 supplement (Ying and Smith, 2003) (henceforth called N2 medium), and the meninges removed. The tissue was incubated in N2 medium with trypsin (0.05%) at 37°C for 2 min and carefully dissociated by pipetting up and down every 30 s until a single-cell suspension was formed. N2 medium with trypsin inhibitor (2 mg/ml; T-2011) was added in equal volume, and the cell suspension was then washed with 10ϫ volume of N2 medium and centrifuged at 300 ϫ g for 3 min. The supernatant was removed and the cell pellet resuspended in N2 medium with B27 (1:1000), EGF (10 ng/ml), FGF2 (10 ng/ml), and penicillin-streptomycin (1:100, Invitrogen) (henceforth called EF medium). The cells were then plated into dishes coated with poly-L-ornithine (20 -30 min at 37°C, 0.1 g/ml, Sigma) and laminin (4 -12 h at 37°C, 10 g/ml, Sigma) in EF medium. Medium was changed 12 h after plating, and the cells were passaged using 0.25% trypsin within 3 d and replated to obtain a monolayer of cells at a density of 4 -5 ϫ 10 4 cells/cm 2 . Half of the media was changed every 2-3 d to allow culture conditioning. This was discontinued after 3 passages.
Maintenance and differentiation of NES cell lines. Culture flasks were coated with poly-L-ornithine (0.1 mg/ml, Sigma) for 20 -30 min, washed twice with PBS, and then coated with laminin (10 g/ml, Sigma) for 4 -6 h. Cells were expanded in EF medium and split 1:3 approximately every 3 d with TrypLE express (Invitrogen). For cryopreservation, cells were trypsinized and ϳ2 ϫ 10 6 cells were pelleted (300 g) and resuspended in cryopreservation medium containing 10% DMSO and 90% culture medium before controlled freezing at Ϫ1°C per minute. Cells were rapidly thawed at 37°C, resuspended in prewarmed culture media, centrifuged for 3 min at 300 ϫ g, resuspended in EF medium, and replated on poly-L-ornithine and laminin-coated plates. For neuronal differentiation, cells were plated at a density of 4 ϫ 10 4 cells/cm 2 in poly-ornithine and laminin-coated flasks in N2 medium with B27 supplement (1:1000) and no additional growth factors (base medium). For neuronal differentiation over the long term (Ͼ2 weeks), the medium was switched to N2 media mixed with Neurobasal medium (with 2 mM L-glutamine, Invitrogen) at ratio of 1:1, with the addition of B27 supplement (1:100, N2B27 medium). The induction of ventral phenotypes was performed by adding sonic hedgehog (SHH) protein (0.5-1 g/ml, R&D Systems) to base medium. Induction of dorsal phenotypes was achieved by adding BMP6 (20 ng/ml, R&D Systems), BMP7 (100 ng/ml, R&D Systems), or GDF7 (100 ng/ml, R&D Systems) with WNT3a (20 ng/ml, R&D Systems) to base medium. Unpaired Student's t tests were performed to determine whether the fraction of immune-positive cells was significantly different after exposure to SHH or BMPs/Wnt3a (3 replicate counts). Nucleofection. Plasmids were transfected using the Amaxa or Neon nucleofection kits according to the manufacturer's protocol. For nucleofection with Amaxa, 4 ϫ 10 6 NES cells were transfected with 2 g of Piggybac plasmid DNA together with 2 g pBase (transposase) in 100 l of Amaxa buffer. The mixture was added to Amaxa cuvettes before nucleofection using the T20 program (Amaxa). For nucleofection with Neon, 1 ϫ 10 6 NES cells were transfected with 2 g DNA and 2 g pBase (transposase) in 10 l of resuspension buffer "R." The mixture was collected in 10 l pipette tips before nucleofection using program 13 (2 pulses, pulse width 20, voltage 1100). For constitutive GFP expression, a modified piggybac vector (Guo et al., 2009 ) was used containing a CAG-eGFP-pgk-hph cassette. Expression vector for ATOH1 was generated by modifying a piggybac vector containing pCAG-IRES-hisDdsRED (kindly provided by Masaki Kinoshita). After nucleofection, cells were immediately transferred to prewarmed EF media in one well of a 6-well culture dish. Selection was initiated 3-5 d after transfection using hygromycin at 100 g/ml (GFP construct) or histidinol at 6 M (ATOH1 construct).
Isolation of mouse granule cells (GCs) and coculture with GFP-labeled hindbrain neuroepithelial stem (hbNES) cells. The brains of 8 -10 P4-P8 mice neonates of either sex were removed, and the cerebella were dissected out in N2 media with penicillin-streptomycin. The meninges were removed, and the cerebella were dissociated into a single-cell suspension with trypsin as previously described (Lu et al., 2004) . Briefly, the cerebella were first cut into 7 or 8 smaller pieces, washed twice with PBS, and then incubated with 2.5 ml of trypsin/EDTA and 250 g of DNAase I (QIAGEN) for 10 min. A total of 1 ml of FBS was added to inactivate the trypsin, and the cerebella were allowed to settle at the bottom of the tube before removing the solution. A total of 3 ml of PBS was added to the cerebella and triturated until all the pieces of cerebella disappear. Dissociated cells were then purified on a Percoll step gradient as previously described (Hatten, 1985; Lu et al., 2004) . Purified mouse GCs were collected and resuspended in Neurobasal media (Invitrogen) with B27 supplement (1:50, Invitrogen) and penicillin-streptomycin (1:100, Invitrogen) (henceforth called Neurobasal media). hbNES cells labeled with GFP (Sai3 (P20)-GFP, passages 5-10) were treated with BMP6, 7 or GDF7 and Wnt3a for 2 d, and subsequently mixed with the mouse GC suspension at a ratio of 1:100. Between 1 and 2 ϫ 10 5 cells of the GC/hbNES cell mixture were plated into each well of a 12-well plate precoated with poly-L-ornithine and laminin in Neurobasal medium. Medium was changed every 2-3 d for up to 3 months.
Derivation of clonal lines. Clonal lines were derived by single-cell deposition of hbNES cells into 96-well plates coated with human fibroblast (HS27) feeders using a flow cytometer (Moflo, Dako). Medium was changed every 2-3 d. After 2 weeks, colonies were observed in ϳ10 -20% of the wells. The colonies were trypsinized and transferred individually to a 48-well plate coated with poly-ornithine and laminin without feeders for further expansion.
Growth kinetics. Images were captured every 15 min using the Incucyte system (Essen Instruments), and growth quantified by the increase in area occupied by cells (supplemental movie, see Notes).
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Figure 1. Neuroepithelial markers SOX1, SOX2, and PLZF are expressed in the anterior hindbrain neuroepithelium at 6 weeks gestation. SOX1 and SOX2 are both expressed in the Carnegie 15-16, ϳ6 week (6w) hindbrain neuroepithelium, but SOX1 is excluded from the midline. SOX1 is sparse and limited to the dorsolateral neuroepithelium at Carnegie 23, ϳ9 week gestation (9w) (low power; insets, ϫ5). PLZF expression is similar to SOX1 in the 6w hindbrain neuroepithelium and likewise decreases at 9w. ZO-1 is localized to the apical side of the neuroepithelium at both 6w and 9w of development. Nestin is also expressed in the neuroepithelium and hindbrain proper at both stages. Ki67 expression is found in a greater proportion of cells in the 6w hindbrain compared with 9w. S100␤ expression in the 6w hindbrain neuroepithelium is weaker compared with 9w, especially in the most ventral region. BLBP was absent in the 6w hindbrain neuroepithelium. Tuj1-expressing neurons are found in the 6w hindbrain; however, the hindbrain proper is much thicker and contains a greater number of Tuj1-expressing neurons at 9w. Sections are from the same embryos (all pictures, original magnification ϫ20). Scale bar (first panel of each image), 100 m). Cryosectioning. Carnegie stage 15-16 (6 week) and stage 23 (9 week) embryos (one each) were fixed in 4% PFA for 12 h at 4°C and incubated in 15% sucrose solution at 4°C overnight. The fetuses were then immersed in 7.5% gelatin-15% sucrose solution overnight at 37°C.
The next day, the fetuses were embedded in plastic cryomoulds with 7.5% gelatin-15% sucrose that was preheated at 37°C, cooled on ice until the gelatin solution solidified around the fetus in the correct orientation, and then frozen on dry ice. Frozen blocks were stored at . This growth pattern is consistent at 30 and 51 passages and in a clonal derivative. B, Normal karyotype of hbNES cells (Sai1) after 51 passages. C, hbNES cells (Sai1) express early pan-neural (SOX1, SOX2, PAX6, and Nestin) markers and genes enriched in pluripotent stem cell-derived neural rosettes (PLZF and Dach1). The cells demonstrate a tendency to form rosette-like structures with ZO-1 at the apical junction. D, qRT-PCR analysis of rosette markers (PLZF and MMNR1) and radial glia markers (S100␤ and BLBP) in hbNES cells (Sai1 and Sai2), lt-NES cells (AF22), hindbrain NS-like cells (HB901), and forebrain NS cells (CB660). mRNA expression level (3 replicates/cell line) is relative to GAPDH and normalized to Sai1 cell line. PLZF and DACH1 are expressed in hbNES cells, but S100␤ and BLBP are not. E, Heat map of whole-genome expression analyzed with Illumina bead chip microarrays. hbNES cells (Sai1, Sai2, and Sai3) cluster together with iPS cell-derived NES cells (AF22, AF23, and AF24) and separate from hindbrain NS-like cells derived from older fetuses (HB901 and HB985), or forebrain NS cells (CB660, CB171, and CB152). The duplicate samples are denoted as "_a" and "_b."
Ϫ80°C until ready for cryosectioning. Sections were cut onto glass slides (Super) at Ϫ20°C at a thickness of 10 -15 m.
Immunofluorescence. Cells were fixed with 4% PFA for 10 min and then washed with PBS solution. Blocking solution made up of 0.3% Triton X-100 and 5% goat or donkey serum in PBS was applied to the cells for 1 h in room temperature followed by the primary antibody (in PBS with 0.1% Triton X-100 and 1% BSA) for 12 h at 4°C. The source and dilutions of primary antibodies were as follows: anti-Tuj1 (R&D Systems, 1:200; Covance, 1:500), anti-GABA (Sigma, 1:1000), anti-5-HT (Sigma, 1:1000), anti-GFAP ( , anti-BLBP (Santa Cruz Biotechnology, 1:100), anti-Pde1c (Abcam, 1:100), antiEn2 (R&D Systems, 1:50), anti-Atoh1 (Proteintech, 1:1000), anti-Zic1 (gift from R. Segal, 1:500), anti-Zic2 (Millipore, 1:500), antiKrox20 (gift from J. Ericsson, 1:1000), antisynaptophysin (Abcam, 1:250), anti-human NCAM (Santa Cruz Biotechnology, 1:100), antihuman nuclei (Millipore, 1:1000), anti-calretinin (Santa Cruz Biotechnology, 1:100), antidoublecortin (Cell Signaling, 1:200), and anti-GABRA␣6 (Millipore, 1:1000). Primary antibody was then removed and the cells washed twice with PBS before adding secondary antibody solution with DAPI for 45 min to 1 h. Specificity of staining was determined by staining cells with secondary antibody solution with DAPI only. Cells were visualized using an inverted fluorescent microscope (Leica DMI 4000, original magnification ϫ20-63) and images captured using LASAF (Leica Application Suite Advanced Fluorescence). Images were taken from at least three random places in each well, and at least two separate wells were analyzed in each experiment. Cryosection slides were incubated in PBS for 30 min at 37°C before immunostaining and subsequently treated with blocking and antibody solutions as described above.
RNA preparation, qRT-PCR, and microarray analysis. Total RNA was extracted with RNAeasy (QIAGEN) kit. The RNA concentration was determined with Nanodrop-1000 (Thermo Scientific). Superscript III (Invitrogen) was used to synthesize cDNA from 1 g of total RNA. Relevant genes were amplified using TaqMan fast universal PCR mastermix (Applied Biosystems), Universal Probe Library (Roche) probes and primers (Table 1) . At least two technical replicates were performed for each biological sample.
Alternatively, the cDNA was loaded onto a custom-designed 192-gene TaqMan Low Density Array card, and technical duplicates were assayed using a 7900HT real-time PCR machine (Applied Biosystems). qRT-PCR data from the TaqMan Low Density Array card was analyzed using StatMiner software (Integromics).
Whole-genome expression analysis on NES (Sai1, Sai2, Sai3, AF22, AF23, and AF24) and NS (HB901, HB985, CB660, CD171, and CB152) cell lines was performed using the Illumina bead chip array. Duplicate samples were analyzed for each cell lines (denoted as "_a" and "_b"). Nonexpressed probes with a detection p Ͼ 0.01 in all samples were re- moved. Data were transformed by variance stabilization transformation using the lumi Bioconductor package, and the data were quantile normalized between arrays. Clustering analysis was performed with the R hclust function using complete linkage clustering and Pearson correlation as a distance measure.
Metaphase chromosome analysis. Colcemid (Invitrogen, 15210 -057) was added to ϳ50% confluent cultures of hbNES cells at a final working concentration of 0.1 g/ml for 2 h. Cells were then trypsinized and centrifuged in N2 media for 3 min (300 ϫ g), and resuspended by flicking the tube. A total of 5 ml of hypotonic KCl solution (0.055 M) was then added to the pellet, gently mixed by inverting the tube twice, and centrifuged. The supernatant was removed the cells were fixed by gently added 3 ml of 3:1 methanol/acetic acid. The cells were centrifuged again, resuspended in this fixative, and stored at Ϫ20 degrees. Metaphase spreads were prepared using standard methods. Cytogenetic analysis was conducted at the Medical Genetics Laboratories (Cambridge Biomedical Campus) on metaphase cells (passages 30 and 50) using G-banding on a minimum of 10 cells per sample.
Electrophysiological recordings. Somatic whole-cell patch-clamp recordings were made from hbNES cell-derived neurons after 2-5 months of differentiation. Individual coverslips were placed in the recording chamber perfused at a flow-rate of ϳ3.5 ml/min with artificial CSF (aCSF) as follows: 126 mM NaCl, 10 mM glucose, 3 mM KCl, 2 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 , and 26.4 mM NaHCO3 (bubbled with 95% O 2 , 5% CO 2 ), at room temperature. For some experiments, the voltage-gated sodium channel blocker TTX (1 mM; Alomone Laboratories) was added to the perfusion system. Patch pipettes (1B120F-4, World Precision Instrument) were pulled using a horizontal micropipette puller (Sutter Instruments) and filled with a solution containing the following: 110 mM potassium gluconate, 40 mM HEPES, 4 mM NaCl, 4 mM ATP-Mg, 0.3 mM GTP; pH adjusted to 7.2 with KOH. Once filled, the tip resistance was between 4 and 5 M⍀. Currentclamp recordings were performed with a Multiclamp 700B amplifier (Molecular Devices). Signals were filtered at 6 kHz and digitized at 8 kHz (Instrutech ITC-18). Customized procedures within Igor Pro software (version 6.12A, WaveMetrics) were used to generate command signals and to collect and analyze data.
Neonatal transplantation. Postnatal day 1-3 Sprague Dawley rats of either sex were anesthetized with isoflurane and oxygen and were kept warm on a heat pad throughout the procedure. A small vertical incision was made aseptically to the skin over the back of the head, the identified, and a small window made in the occipital bone ϳ0.5 cm below the lambdoid suture. A cell suspension of hbNES cells (Sai1, Sai3, and Sai3-GFP) was prepared in N2 media at a concentration of 50,000 cells/l and loaded into a fine glass capillary tube using a Nanoject II microinjector kit (Drummond Scientific). The dura was pierced with the glass capillary tube, and 1 l of cell suspension was injected just under the dura. The skin was closed with GLUture (Abbott Laboratories), and the neonates were recovered on a heat pad with dry bedding and oxygen, before being returned to the mother.
In utero transplantation. In utero transplants of hbNES cells (Sai1, Sai3, and Sai3-GFP) in mice and rats were performed as previously described (Cattaneo et al., 1994; Carletti et al., 2002; Williams et al., 2008) . Briefly, timed-pregnant E13-E15 rats or mice of either sex were anesthetized with isoflurane and oxygen, and the uterine horns were exposed. The embryonic CNS was identified under transillumination, and 1-2 l of the cell suspension (50,000 cells) was gently injected into the fourth ventricle by means of a glass capillary inserted through the uterine wall. The embryos were placed back into the abdomen for spontaneous delivery. Live-born recipient rats were perfused and examined at different postnatal ages (P7, N ϭ 10; P30, N ϭ 15).
Results

Marker expression profile in the early human hindbrain
We first investigated the expression in the human hindbrain of early pan-neural transcription factors, SOX1 and SOX2, and of markers PLZF and ZO-1 characteristic of rosette cells (Elkabetz et al., 2008 ) and lt-NES cells (Koch et al., 2009). As expected, SOX2 was detected in nuclei throughout the hindbrain neuroepithelium and ZO-1 was localized to the apical (ventricular) membrane in all specimens examined (Fig. 1) . In contrast, SOX1 and PLZF were prominent in Carnegie stage 15-16 (ϳ5-6 week) human embryo hindbrain but were downregulated and limited to posterior (data not shown) and dorsolateral regions in slightly older (Carnegie stage 22-23, ϳ8 -9 week) embryos (Fig. 1 ). Consistent with studies in rodents (Pevny et al., 1998) , SOX1 was absent in the most ventral domain of the hindbrain neural tube. Notably, the proliferation marker Ki67 followed a similar pattern to SOX1 and PLZF (Fig. 1) . Conversely, the radial glia marker BLBP was absent in the 5-6 week neuroepithelium but was readily detected in 8 -9 week hindbrain (Fig. 1) . The astroglial marker S100␤ was also sparse in 5-6 week neuroepithelium but strongly expressed at 8 -9 weeks, especially in the most ventral region (Fig.  1) . The differentiation marker TuJ1 was already present within the 5-6 week hindbrain proper in cells emerging from the neuroepithelium, but a much larger population of TuJ1-positive cells was evident in older specimens (Fig. 1) . Nestin was expressed in the neuroepithelium and hindbrain proper in all specimens.
These observations suggest that SOX1 and PLZF-positive cells in the 5-6 week neuroepithelium are actively proliferating, although neurogenesis has already begun in the hindbrain at this stage. They also point to a transition in the hindbrain neuroepithelium between weeks 5-6 and 8 -9 of development. During this period, cells downregulate genes associated with early neuroepithelial identity and become less proliferative.
Derivation of cell lines from embryonic hindbrain
We dissected the anterior hindbrain from available specimens at different developmental stages. The anterior hindbrain was demarcated as the region immediately caudal to the midbrain-hindbrain boundary ( Fig. 2A) . We plated dissociated cells on poly-L-ornithine/ laminin-coated plates to observe the morphology and behavior of the neural progenitors. Remarkably, in cultures from the 5-6 week hindbrain, rosette formations developed within 12 h (Fig. 2B) . They expressed pan-neural markers SOX1, SOX2, and Nestin, the neuralrosette stage marker Dach1, and the proliferation marker Ki67, and exhibited polar localization of ZO-1 (Fig. 2B) . In contrast, hindbrain tissue from older fetuses rarely generated rosettes in culture and typically exhibited higher levels of neuronal differentiation and cell death.
We found that early hindbrain neuroepithelial cells proliferated in the presence of EGF and FGF2 in identical medium used to culture pluripotent stem cell-derived lt-NES cells (Falk et al., 2012) . The initial heterogeneous cultures could be passaged within 3 d using The electrophysiological properties of cultured cells at two different differentiation times (2-3 months, n ϭ 24; 4 -5 months, n ϭ 14) were investigated using whole-cell recordings. The analysis of passive properties of the cell membrane identified two cell types: a glial group with low input resistance and membrane time constant (2-3 months, n ϭ 4; 4 -5 months, n ϭ 3) and a neuronal group (2-3 months, n ϭ 10; 4 -5 months, n ϭ 21). The resting membrane potential (RMP) of neuron-like cells from both populations was weakly polarized (2-3 months, Ϫ27.9 Ϯ 6.1 mV; 4 -5 months, Ϫ38.9 Ϯ 3.9 mV). The proportion of neuron-like cells firing action potentials increased over differentiation time (2-3 months, 20%; 4 -5 months, 33%). Moreover, action potentials of hindbrain NES cell-derived neurons maturated over time because their amplitude was increased and more reliable. Rin, Inward resistance; , time constant. trypsin, after which a more uniform monolayer emerged. Cell death was minimal when cell density was high (4 -5 ϫ 10 4 cells/cm 2 ). Medium was partially renewed every 2-3 d to allow for culture conditioning during initial establishment of propagating cultures. In this way, we derived stable cell lines of similar morphology from Carnegie stage 15-18 hindbrains in 7 of11 attempts (63%) ( Table 2) . These cultures were characterized by the continuous production of rosettes over repeated passages (Fig. 2C) . Individual cells had a high nuclear to cytoplasmic ratio and displayed a mermaid-like tail (Fig.  2C, white arrows) . By video microscopy, we noted that the cells tended to divide at the apical end of the plasma membrane where they converge at the center of the rosette. This is reminiscent of the behavior of neuroepithelial progenitors, which divide at the ventricular surface membrane (Götz and Huttner, 2005) .
Cells from hindbrain older than Carnegie 18 could also be passaged in EGF and FGF2 (3 of 7 attempts, 43%) ( Table 2 ). However, they did not form rosettes and morphologically resembled radial glia-like NS cells, similar to those previously derived from ϳ8 week human cortex and spinal cord (Fig. 2D) .
Characterization of hindbrain neuroepithelial stem cells
Hindbrain neuroepithelial stem (hbNES) cell lines had a doubling rate of ϳ24 h (Fig. 3A) . They retained proliferation for Ͼ50 passages with no evidence of chromosomal instability in three independent cell lines (Sai1, Sai2, and Sai3) (Fig. 3B) . hbNES cells were optimally maintained at a plating density of 20,000 -30,000 cells/cm 2 , which allowed cell to cell contact. Cells typically juxtaposed and self-organized into rosette-like structures ( Fig. 2C ; supplemental movie, see Notes). Cells survived poorly at singlecell density on poly-L-ornithine/laminin. However, clones could be derived by plating individual cells on human fibroblast (HS-27) feeders. After initial colony formation, clones could be expanded and maintained without feeders.
The hbNES cells exhibited a relatively homogeneous expression of SOX1, SOX2, and Nestin (Fig. 3C ). More than 80% of cells expressed PAX6, and most cells expressed neural rosette markers PLZF and Dach1. The apical polarity protein ZO-1 was localized at the junction of rosette-like structures, consistent with apicalbasal polarity (Fig. 3C) . At the transcript level, rosette markers PLZF and MMNR1 were readily detected in hbNES cells, whereas expression of S100␤ and BLBP was low in contrast to more mature NS-like cells derived from older fetal hindbrain (HB901) and to forebrain NS cells (CB660) (Fig. 3D) . BLBP was not detected in hbNES cell lines by immunostaining (data not shown). We then examined whole-genome mRNA expression using Illumina array technology. hbNES cells (Sai1, Sai2, and Sai3) clustered together and with iPS cell-derived lt-NES cells (AF22, AF23, and AF24), but apart from hindbrain derived NS-like cells (HB901 and HB985) and cortical NS cells (CB660, CB171, and CB152) (Fig.  3E) . These transcriptome data confirm that hbNES cells are distinct from previously derived fetal NS cells and hindbrain NS-like cells derived from older embryos.
Differentiation
On removal of growth factors, hbNES cells differentiated asynchronously into Tuj1-positive neurons (80 -90%) and over 4 weeks formed elaborate neuronal networks (Fig. 4 A, B) . GFAPpositive and S100␤-positive astroglial cells (5-10%) were also generated ( Fig. 4B-D) , and occasional O4-positive cells were detected, indicative of the oligodendrocyte lineage (Fig. 4E) . The proportion of Tuj1 and GFAP-positive cells after differentiation was consistent for all hbNES cell lines (data not shown). Importantly, the predominantly neurogenic differentiation behavior was maintained after long-term culture (51 passages) and also after clonal expansion (Fig. 4I ) . The efficiency of neuronal differentiation is similar to that observed with lt-NES cells (Koch et al., 2009; Falk et al., 2012) and considerably higher than obtained with human NS cells . TuJ1-positive neurons began to appear 10 -14 d after growth factor withdrawal, and networks of neurons persisted for Ͼ6 months. Aged neurons stained positively for the neuronal marker NeuN and markers of both glutamatergic (vGLUT2) and GABAergic (GABA) neurons ( Fig. 4F-H ) . Whole-cell recordings on differentiated hbNES cells were performed after 2 months (n ϭ 24) and 4 months (n ϭ 14). The cells exhibited spontaneous action potentials (20% at 2 months; 33% at 4 months) that were TTX-sensitive ( Fig. 4J ; Table  3 ). The amplitude and consistency of the action potentials increased after 4 months consistent with ongoing maturation. Neuronal processes at this time stained-positively for synaptophysin, a synaptic vesicle glycoprotein found in all mature synapses (Fig. 4K ) .
Positional identity
We investigated whether undifferentiated hbNES cell lines retained positional identity markers of the anterior hindbrain after long-term expansion. hbNES cells expressed EN1 and KROX20 mRNAs at levels comparable with those in primary anterior hindbrain tissue of 5-6 week fetuses (Fig. 5A) . The presence of EN2 and KROX20 proteins was confirmed by immunohistostaining (Fig. 5 B, C) . GBX2 mRNA levels were somewhat higher than those in whole fetal hindbrain tissue. We then assessed the expression profile of anteroposterior identity markers using data from Illumina bead microarray platform (Fig. 5D) . Interestingly, hbNES cells had a similar positional marker profile to lt-NES cells derived from pluripotent cells (Fig. 5D ). Regional markers anterior to the isthmic organizer (OTX2 and FOXG1) were not expressed in any of hbNES cell lines (Fig. 5 A, D) . Markers of the caudal hindbrain and spinal cord (e.g., HOXB4, HOXB8, and HOXB9) were also not detected (Fig. 5D) . However, anterior hindbrain markers EN2 and GBX2 were expressed in both hbNES and lt-NES cells (Fig. 5D ). These findings were confirmed by qRT-PCR analysis (Fig. 5Dii) . Interestingly, Sai1 NES cells that were derived from a large section of the hindbrain (extending beyond the ventral flexure) expressed HOXB2 mRNA (Fig. 5D,  Sai1 ), but this was not detected in Sai2 and Sai3 NES cells, which originate from a region between the isthmus and the ventral flexure corresponding to rhombomere 1. HOXB2 mRNA was also found to be expressed in pluripotent-derived NES cell lines. We then tested the responsiveness of hbNES cells to morphogens that pattern the anterior hindbrain. Interestingly, cells cultured in FGF8 and Wnt1 upregulated EN1, EN2, and GBX2 mRNA ( (Figure legend continues.) 5E). These findings suggest that hbNES cells retain the anteroposterior identity of their region of origin and responsiveness to signals produced by the isthmic organizer.
We also assessed dorsoventral identity. The gene expression profile showed that markers of the most ventral progenitors of the neural tube, such as NKX2.2 and OLIG2, were not detectable at the mRNA level in hbNES and lt-NES cell lines (Fig. 5F ). NKX2.2 was also not detected by immunohistochemistry (Fig.  6A) . NKX6.1, a marker of the ventral-intermediate neural tube, was very low at the mRNA level, but ϳ3-4% of cells were positive by immunostaining. Other markers of the intermediate region, such as PAX6 and in particular IRX3, were more strongly expressed (Fig. 5F ). qRT-PCR analysis of these dorsal and ventral markers was consistent with the array analysis (Fig. 5Fii) . These findings suggest that, during self-renewal, the hbNES cell population has a mid-ventral character. Consistent with this, after 3-4 weeks of differentiation without any morphogen treatment, the majority of TuJ1-expressing neurons (Ͼ80%) were positive for markers of V1-3 hindbrain interneurons, including LIM1/2, LIM3, which arise from intermediate domains of the hindbrain (Fig. 5 H, I ). In addition, a small percentage of neurons were positive for serotonin (5-HT) or the motor neuron marker ISLET-1 (Ͻ1%) (Fig. 5J, K ) . These neurons are normally derived from the NKX2.2-and NKX6.1-expression domains (Pattyn et al., 2003) , and therefore may arise from the Nkx6.1-positive subpopulation of hbNES cells.
Developmental potency
We examined whether hbNES cells would respond to developmental cues that specify the dorsoventral axis of the hindbrain. After treatment with 1 g/ml SHH for 2 d, the fraction of NKX6.1-positive cells increased from 3-4% to ϳ11% (p Ͻ 0.01, Student's t test) and NKX2.2 was induced in ϳ1% of cells (Fig. 6Ai) . Significantly, NKX2.2 was expressed within the NKX6.1 population, suggesting a coordinated ventralization response rather than independent gene expression (Fig. 6Aii) . We also tested dorsalizing signals that emanate from the hindbrain roof plate (BMP7, BMP6, or GDF7 and Wnt3a). These factors caused a moderate decrease in the percentage of NKX6.1 cells and an induction of dorsal markers MSX1/2 (15%), PAX3 (6%), and ATOH1 (7%) after 2 d of BMPs and Wnt3a (Fig.  6B ) (p Ͻ 0.01, Student's t test).
In mice, Atoh1 expression in rhombomere 1 defines the upper rhombic lip (URL) from which cerebellar neurons arise. ATOH1 was also detected in the URL region of human embryos (Fig. 6Bii) . ATOH1 mRNA was consistently induced in independent hbNES cell lines after exposure to BMPs (BMP6, BMP7, and GDF7) individually (data not shown) or in combination (Fig. 6C) . Interestingly, induction of ATOH1 was greater in cell lines that were derived from the most anterior part of the hindbrain (Sai2 and Sai3). ATOH1 expression was enhanced by Wnt3a (data not shown). ATOH1 mRNA decreased after 4 and 6 d of BMP exposure (Fig. 6D) . Furthermore, ATOH1 was not expressed if FGF8 was added together with BMPs or if EGF and FGF2 were maintained (data not shown). Therefore, FGF signaling appears to counteract BMP stimulation.
The transient nature of ATOH1 expression after BMP exposure is reminiscent of early rhombic lip progenitors that migrate into the developing brainstem (Machold and Fishell, 2005; . In mice, these cells upregulate Lhx9 and Meis2 and become neurons of the deep cerebellar nuclei (Morales and Hatten, 2006) . Upon simple withdrawal of FGF2/EGF, differentiating hbNES cells do not express LHX9 or MEIS2 mRNA (Fig. 6E) . However, after BMP and Wnt3a exposure, the expression of LHX9 and MEIS2 mRNAs was readily detected during subsequent differentiation (Fig.  6Eii) . The increase in these markers correlated inversely with decreasing ATOH1.
ATOH1 expression in the upper rhombic lip has previously been shown to be governed downstream of the BMP signaling (Alder et al., 1999; Timmer et al., 2002) . To investigate this relationship further, we transiently transfected hbNES cells with an ATOH1 expression vector. We found that, after differentiation for 6 d in N2B27, LHX9, and, to lesser extent, MEIS2, mRNAs were induced in the absence of BMPs (Fig. 6F) .
Collectively, these findings suggest that hbNES cells can respond to relevant dorsoventral signals, and differentiation can be steered into URL derivatives following developmental principles.
Differentiation to cerebellar granule-like cells in vitro
In rodents, the URL generates temporally discrete pools of neurons. At later stages (from ϳE13.5 in mice), this germinal zone exclusively generates GCs, the most abundant neuron in the mammalian brain. Unlike the early-born progenitors, GC progenitors retain the expression of Atoh1 and migrate into the EGL (Wingate and Hatten, 1999; Wingate, 2001) . We investigated whether hbNES cells maintain potency for the GC lineage. One of the characteristics of GC progenitors is their persistent capacity for proliferation, which continues even after birth (Wechsler-Reya and Scott, 1999) . In mice, Atoh1-positive cells persistently express the mitotic marker Ki67 from E13.5 onwards (Su et al., 2006) . In contrast, Atoh1 ϩ cells in other regions of the dorsal alar plate, such as the lower rhombic lip, or spinal cord, are mostly postmitotic from E11 (Akazawa et al., 1995; Ben-Arie et al., 2000) . The early-born upper rhombic lip progenitors of precerebellar neurons are also generally Ki67-negative (Su et al., 2006) . We investigated whether Ki67 ϩ progenitors persisted in the ATOH1 ϩ population after BMP treatment. We found that, after 4 d of BMP/ Wnt3a treatment, a small proportion of cells (1%) retain the expression of ATOH1 and continue to express Ki67 (Fig. 7A ). This observation encouraged us to investigate whether hbNES cells may have competence to form later-stage rhombic lip derivatives. GC differentiation is known to depend on both an intrinsic program and the influence of adjacent GCs and other cell types in the developing cerebellum (Trenkner et al., 1984; Wechsler-Reya and Scott, 1999; Dahmane and Ruiz i Altaba, 1999) . Accordingly, previous studies have used coculture techniques to achieve maturation of GCs in vitro (Nakatsuji and Nagata, 1989; Gao et al., 1992; Yamasaki et al., 2001 ). We derived a GFP-expressing hbNES cell line (Sai3-GFP) by stably transfecting the cells with a piggybac GFP expression vector. After 2 d of BMP and Wnt3a treatment, the GFP-hbNES cells were mixed 1:100 with GCs freshly isolated from P4-P8 mouse neo-4 (Figure legend continued. ) Coexpression of NKX6.1 and NKX2.2 is detected by immunostaining. Bi, The percentage of NKX6.1-positive cells decreases after exposure to BMP6, BMP7, or GDF7 and Wnt3a, whereas PAX3, MSX1/2, and ATOH1 expression is induced. **p Ͻ 0.01 (Student's t test). Bii, Nuclear expression of MSX1/2, PAX3, and ATOH1 is shown, and the expression of ATOH1 expression in the upper rhombic lip is confirmed on a sagittal section of 8w human embryo (VZ, Ventricular zone; 4v, fourth ventricle). C, BMPs consistently induce the expression of ATOH1 in three independent hbNES cell lines. D, ATOH1 expression decreases after Ͼ2 d treatment with BMP. Induction of ATOH1 does not occur in the presence of FGFs. Ei, Schematic diagram to show that hbNES cells were treated with GDF7ϩWnt3a and subsequently cultured in N2B27 base medium for 4 further days. Cells were analyzed by qRT-PCR on day 2, 4, and 6. Eii, ATOH1 expression decreases after 2 d, whereas markers of deep cerebellar neurons LHX9 and MEIS2 continue to increase along with the neuronal differentiation marker TuJ1. F, hbNES cells (Sai2) were transiently transfected with a piggybac ATOH1 expression construct with a histidinol selection cassette (PB-ATOH1) and, subsequently, cultured in the presence of N2B27 and histidinol for 6 d. qRT-PCR analyses of ATOH1, LHX9, and MEIS2 levels after 6 d of differentiation are shown. Figure 7 . Generation of cerebellar granule-like cells after coculture with mouse GCs. A, BMP-treated hbNES cells were differentiated in N2B27 media without growth factors for 4 further days. Cells were analyzed by immunohistochemistry on day 2 (D2) and day 4 (D4). A small proportion of ATOH1-positive cells continues to express the proliferation marker Ki67 (ϳ1% ATOH1 and Ki67 double-positive cells at day 4). Bi, GFP-labeled hbNES cells were treated with GDF7 and Wnt3a for 48 h, and then cocultured at single-cell density with freshly isolated (Figure legend continues.) nates and plated. After 2 d of coculture, the morphology of GFPhbNES cells (Fig. 7B , yellow arrows in brightfield) began to resemble that of mouse GCs (Fig. 7B , red arrows in brightfield). They formed small clusters that expressed markers of GCs, including ATOH1, ZIC2, PAX6, PDE1c, and ZIC1 (Morales and Hatten, 2006; Salero and Hatten, 2007) (Fig. 7C) .
In the absence of the mouse GC feeders, BMP/Wnt3a-treated hbNES cells either died or differentiated at single cell density (data not shown). However, in the presence of mouse GC feeders, they continued to proliferate and form larger clusters (Fig. 7D) . We followed their behavior after coculture with mouse GCs over 3 months. Cell clusters continued to express nuclear ATOH1 as well as ZIC1 and Pde1c at 4 weeks (Fig. 7D) . By this time, almost all mouse GCs had died but human cell viability was high. At 3 months, the majority of cells (Ͼ80%) had small, round cell bodies and extended long axonal projections (Fig. 7E) . Numerous neurons displayed bifurcated neurites (Fig. 7E, white arrows) , which were reminiscent of T-shaped granule neuron parallel fibers. Most of these neurons expressed vGLUT1 (80 -90%) (Fig. 7E) , and only 5% were positive for GABA (Fig. 7E ). In addition, typical markers of mature granule neurons, including NeuN, Zic1, and GABA-A receptor ␣6 (GABR␣6), were detected in these cultures (Fig. 7E) . TuJ1 was strongly expressed in Ͼ90% of cells (Fig. 7E) . These results show that hbNES are capable of generating granule-like neurons, although a prolonged maturation period may be needed for complete differentiation.
Engraftment potential
We then asked whether BMP-treated hbNES cells would survive, differentiate, and integrate in the cerebellum in vivo. GFP-labeled or unlabeled hbNES cells were treated for 2 d with BMPs and Wnt3a and transplanted either into the fourth ventricle of E13-E15 rat embryos in utero or into the developing cerebellum of P1-P3 neonatal rats. The recipient cerebella were analyzed at different postnatal ages, from P7 to P30.
Transplantation to fetal or postnatal hosts yielded similar results. GFP-positive cells, or cells stained with anti-human specific nuclei antibody, were found in 11 of 22 (50%) recipient cerebella after postnatal injections and 5 of 25 (20%) recipient cerebella after in utero injection. In each case, there was minimal disturbance to the normal appearance and architecture of the cerebellum, and we detected no overt signs of overgrowth or tumor formation (Fig. 8A,B) . The animals showed no evidence of ataxia or other neurological signs.
The majority of donor cells were located in the white matter, where they formed thick clusters or discrete chains aligned to axonal tracts (Fig. 8C,D) . These cells typically displayed bipolar shapes and extended neurites (Fig. 8D ,E, white arrow) bearing prominent growth cones. The neurites navigated through the axial white matter of the cerebellar lobules for considerable distances (Fig. 8G) and also entered the cerebellar peduncles. In addition, smaller clusters of transplanted cells were found on the pial surface of the recipient cerebellar cortex ( Figure 8C,F, blue arrows) . From both of these locations, a minor fraction of transplanted cells migrated and/or sent processes into the cortical layers (Fig. 8C,D,F,H,I , white arrows). The GFP-positive axons appeared beaded, rarely branched, and exhibited long trajectories through the recipient molecular and granular layers (Fig. 8I-M) . The neuronal processes were generally longer at later time points of analysis (e.g., day 30 after transplant). GFP-positive cells also showed fusiform shapes and were either radially oriented across the molecular layer or dispersed along the granular-molecular layer interface (Fig. 8I,J,N) . Interestingly, at earlier analysis times, many cells in the white matter were positive for Ki67 (Fig. 8G) , whereas those in the cortical layers were mostly negative. The latter were often positive for doublecortin, a marker of migratory neuroblasts and immature neurons (Fig. 8K-N ) (Gleeson et al., 1999) .
To assess neuronal identity further, we examined markers for different populations of cerebellar neurons. Although some donor cells could be stained with calretinin antibodies (Fig. 8Y ), they were never positive for PAX2 or parvalbumin (data not shown), thus excluding GABAergic phenotypes. On the other hand, the vast majority of the donor cells (Ͼ90%), both clustered in the white matter and scattered in the cortical layers, expressed ATOH1, ZIC1, ZIC2, and Pde1c, markers for the GC lineage (8Fig. 8D,E,O-S) (Ben-Arie et al., 1997; Aruga et al., 1998 Aruga et al., , 2002 . However, only a minority of the transplanted cells expressed markers typical of mature GCs, such as NeuN (Fig. 8T,U) or vglut1 (Fig. 8V,W) . In addition, a few cells in the region of the deep cerebellar nuclei expressed TBR1, a marker of deep cerebellar neurons (data not shown) and VGLUT1 (Fig. 8X) . Transplanted cells rarely showed morphological features of glial cells and did not colocalize with GFAP cells (Fig. 8P) .
In summary, these experiments indicate that transplanted hbNES cells engraft in the host cerebellum and within 4 weeks differentiate predominantly into neuronal precursors or immature neurons that express ATOH1 and other GC lineage markers. Although they do not acquire fully mature GC phenotypes in this time period, they show impressive abilities for survival, differentiation, and extensive axonal growth into the recipient tissue.
Discussion
In this study, we have derived and characterized stable neuroepithelial stem cell lines from the CNS of Carnegie stage 15-17 (week 5-7) human embryos. hbNES cells retain regional specification and high neurogenic capacity even after long-term culture. These cells generate hindbrain-specific cell fates, including derivatives of the cerebellar rhombic lip, in vitro and in vivo.
hbNES cells are characterized by the following: (1) expression of neuroepithelial and neural rosette markers with absence of neuronal and glial markers; (2) long-term expansion and clonogenicity; (3) constant and high neurogenic differentiation; (4) hindbrain identity and responsiveness to developmental signals; and (5) survival, integration, and differentiation capacity in the developing rat brain. Once established, hbNES cells can be massively expanded and cryopreserved, and are therefore suitable for producing human neurons for in vitro neurobiology, drug discovery, or transplantation (Danovi et al., 2010; Fujimoto et al., 2012; McLaren et al., 2012) .
Self-renewal of hbNES cells is driven by EGF and FGF2. FGF has previously been shown to induce major transcriptional changes in neural progenitors and might generate a synthetic neural stem cell phenotype (Gabay et al., 2003; ) that may not fully reflect an in vivo state (Conti and Cattaneo, 2010). However, our data suggest that a distinct progenitor stage can be captured using these growth factors and retain developmental specification. Indeed, A, Postnatal recipient cerebella showed normal size and morphology. B, C, Grafted cells were mostly located in the recipient white matter, with several elements migrating through the cortex (C, white arrows). D, E, Cells in the graft homogeneously expressed ATOH1 (Ͼ90%). F, A fraction of GFP-positive cells in the white matter was positive for Ki67, whereas those migrating to the granular layer were predominantly negative. G, H, At day 21 after transplant, grafted cells exhibit extending neuronal fibers that run for long distances through the host white matter (G), and also passed through the cortical layers (H). I, In some cases, clusters of transplanted cells were found on the pial cerebellar surface (I, light blue arrow) and from there cells migrate through the recipient cerebellar cortex (I, white arrows). J-N, A few transplanted cells were positioned at the molecular layer and granular layer interface and were frequently labeled by anti-doublecortin (DCX) (K-N, red). These cells express several markers shared by cerebellar GCs, as Zic1 (O,Q, red), Zic2 (R, green), Pde1c (S, red), and NeuN (O, blue; T,U, red). P, Grafted cells did not stain positive for GFAP. V, W, Some varicosities of the axonal projections in the host molecular layer were immunopositive for Vglut-1 (W, arrows). A similar pattern was found in the deep cerebellar nuclei (X, arrow). Calretinin-positive cells were rarely found near the Purkinje cell layer (Y). ml, Molecular layer, gcl, GC layer; wm, white matter. hbNES cells could be derived only during a brief developmental window (Carnegie 15-18, week 5-7). Cultures derived from slightly older fetuses (Carnegie Ͼ18) under the same conditions developed different features reminiscent of radial-glia like NS cells . hbNES cells exhibit properties that are consistent with late neuroepithelial progenitors, including the expression of SOX1 and markers enriched in neural rosettes (DACH1, PLZF, and ZO-1), robust neurogenesis, and responsiveness to developmental cues. Although changes induced by the environment are an important consideration in any culture system, our observations suggest that the properties of hbNES cells are largely inherited from the founder neural progenitor cell specification. The failure to recover them from fetal hindbrain older than 7 weeks (Carnegie 17-18) is consistent with the marker analyses indicating that human neural progenitors may undergo a major developmental transition during this period.
Neural rosettes have frequently been highlighted in approaches to derive neural progeny from embryonic stem cells (Zhang et al., 2001; Elkabetz et al., 2008; Chambers et al., 2009; Koch et al., 2009 ). These structures, comprising radially organized columnar neuroepithelial cells, appear responsive to developmental signals, in contrast to more mature progenitors (Elkabetz et al., 2008) . Rosettes can be converted into lt-NES cells (Koch et al., 2009 ) that retain key properties, including the formation of rosette-like patterns, apical-basal polarity, expression of markers, such as SOX1, PLZF, MMNR1, and DACH1, and high neurogenic potency. lt-NES cells can readily be derived from different pluripotent cell lines, including iPS cells of different genetic backgrounds (Falk et al., 2012) . However, their neurodevelopmental relevance may be questioned, in particular because they are suggested to arise via respecification of an initial anterior identity (Koch et al., 2009 ). The apparent similarity of hbNES cells to lt-NES cells derived from human ES and iPS cells is therefore striking. In this context, hbNES cells may be a useful benchmark for validating pluripotent stem cell derived lt-NES cells from normal or diseased backgrounds.
hbNES cells broadly retain the identity of their region of origin, as shown by the expression of hindbrain markers and the generation of hindbrain-specific neurons, such as serotonin neurons. Moreover, they show responsiveness to developmentally relevant signals in vitro. SHH induces NKX2.2 and NKX6.1, consistent with its role in the specification of ventral cell fates in the mouse hindbrain (Ye et al., 1998; Hynes et al., 2000) . More pronounced is the induction of dorsal markers MSX1/2, PAX3, and ATOH1 in response to BMPs and Wnt3a. This is also in line with mouse studies that showed induction of ATOH1 and cerebellar fates in ventral explants of the anterior hindbrain in response to BMPs (Alder et al., 1999; Chizhikov et al., 2006) . Together, these results suggest that hbNES cells exhibit developmental flexibility within the hindbrain domain, even after longterm passaging.
In vitro differentiation and in vivo grafting show that, after exposure to BMPs and Wnt3a, hbNES cells exhibit potency for both early-born and later-stage URL fates. After treatment with BMPs and Wnt3a, LHX9 and MEIS2 are robustly induced in differentiating hbNES cells, consistent with early-born DCN progenitors. We also found that a small proportion of cells retain expression of ATOH1 protein and continue to proliferate, similar to GCs. Moreover, the grafted hbNES cells express distinctive markers of the GC lineage, and a small proportion show morphological features and behavior similar to those of rodent GCs grafted to syngeneic cerebella (Carletti et al., 2002; Williams et al., 2008) . Notably, like primary GCs, they form clusters of proliferating progenitors that settle into the recipient white matter or on the cortical surface and extend long neurites through the host tissue. Unlike primary mouse GCs, however, hbNES cells display inefficient migration into cortical layers, either inwardly from the pial surface or outwardly from the white matter (Williams et al., 2008) . This inability to enter the recipient cerebellar cortex, which could result from undefined cross-species barriers, may impede the generation of mature granule neurons from hbNES cells because this process is crucial for granule neuron morphogenesis in vivo (Chédotal, 2010) . Nevertheless, we found that coculturing BMP-treated hbNES cells with primary mouse GCs in vitro resulted in the development of cerebellar granule-like neurons, as previously described for differentiation from mouse ES cells (Su et al., 2006; Salero and Hatten, 2007) . These hbNES cell-derived neurons acquired typical morphology and mature traits of granule neurons after 3 months. Together, these results demonstrate that hbNES cells maintain competence for cerebellar rhombic lip neurogenesis.
Cerebellar development has been studied using transgenic mouse models (Ben-Arie et al., 1997; Machold and Fishell, 2005; , but no representative cell lines have been established from rodents. hbNES cells therefore offer a new system for experimentally dissecting the molecular regulation of cerebellar cell specification and differentiation. Propagation of region-specific neuroepithelial cells also raises interesting prospects for modeling tumor formation. Recent studies show that tumor phenotypes are, to some extent, dictated by the originating neural cells (Swartling et al., 2012) . hbNES cells may have value in modeling tumors that arise in the GC lineage, such as medulloblastoma. More broadly, hbNES cells represent a scalable resource for generation of human neurons without genetic manipulation or complex culture systems. They may therefore be used to study generic properties of human neurons. In particular, their defined origin and identity may prove a useful complement to iPS cell-derived NES cells in defining normal versus disease phenotypes.
Notes
The URL for the supplemental movie "Hindbrain NES cells (Sai1) cultured in EGF and FGF2" is http://upload.sms.cam.ac.uk/media/1506157.
